Orange et al reported an allelic variant of the human histamine H2 receptor, in which adenine 649 was replaced with guanine, to be more frequent in the schizophrenic population than controls in British Caucasians. The A 649 to G change causes an Asn to Asp transition at amino acid position 217 in the third intracellular region, which is postulated to be important for receptor function. Herein, we analyzed the functional significance of this variant using wild-type and variant receptors expressed in Chinese hamster ovary cells. The variant receptor was associated with markedly lower basal cAMP productions than the wild-type receptor. Histamine-dependent cAMP productions via the variant receptor were lower as well. Treatment of cells expressing variant receptors with 10 Ϫ5 M ranitidine for 24 h resulted in a reduced degree of receptor upregulation as compared with the wild-type receptor. Thus, this is the first report of an allelic variant of the human H2 receptor which confers altered receptor function. To analyze gastric acid secretion in individuals with this variant, we examined 100 Japanese control subjects. However, neither heterozygotes nor homozygotes were found, suggesting that this variant, if present, is uncommon in the Japanese population. The Pharmacogenomics Journal (2001) 1, 78-83.
INTRODUCTION
The histamine H2 receptor (H2R) is involved in acid secretion in gastric parietal cells via production of cAMP. [1] [2] [3] [4] H2Rs are also expressed in a variety of tissues or organs including the central nervous system. 5 Recently, an allelic variant, adenine 649 to guanine, was reported to be more frequent in schizophrenic populations than in non-affected populations. 6, 7 The A 649 to G change causes an Asn to Asp transition at amino acid position 217, which is in the third intracellular region. 8 This region is believed to be important for G protein-coupled receptor signaling. The aim of the present study was to clarify the effect of this A 649 to G transition using expressed receptors in Chinese hamster ovary (CHO) cells. Herein, we present evidence that the G 649 H2R is associated with low basal and histamine-dependent activities and is resistant to the upregulation of receptor proteins induced by exposure to H2R antagonists. In addition, we have shown this variant to be uncommon, if present at all, in the Japanese population. Taken together with the report by Ito et al that this variant was not detected in 53 Swedish controls, 52 French controls and 88 French schizophrenics, 9 there might be regional variability in the prevalence of the G 649 variant.
MATERIALS AND METHODS

Materials
The study was performed in accordance with the principles of the Declaration of Helsinki. Informed consent was obtained from all the subjects before the study.
Cloning of the Human H2R Gene
As the human H2R gene does not have introns we attempted to clone the human H2R cDNA from genomic DNA using the polymerase chain reaction (PCR) method. 8 DNAs were isolated from blood samples of normal subjects. Using synthetic oligonucleotide primers encompassing the coding region of the human H2R and human DNA, PCR was performed. One of the fragments obtained was subcloned into a TA vector (Invitrogen, CA, USA). After confirming the sequences, the wild-type cDNA was subcloned into the mammalian expression vector pCAGGS. H2R cDNAs were transfected into CHO cells by the calcium phosphate precipitation method as described previously. 10 Several cell lines were selected by their resistance to a 600 g ml Ϫ1 neomycin derivative, G418 (Gibco-BRL, MD, USA).
Construction
Tiotidine Binding Assay
Tiotidine binding assays involving intact cells were performed as described previously.
11 CHO cells, grown on 24-well plates, were assayed at a density of 1 ϫ 10 5 cells well
Ϫ1
. The cells were incubated for 2 h at 37°C in 200 l of Hepestyrode's buffer containing 1 nM [ 3 H]tiotidine and various concentrations of unlabeled tiotidine. All samples were analyzed in triplicate. After incubation, cells were washed three times with ice-cold phosphate buffered saline (PBS), then removed from the wells in 0.1% sodium dodecyl sulfate. Radioactivities were determined by liquid scintillation counting. Specific bindings were calculated by subtraction of the nonspecific bindings determined in the presence of 10 Ϫ4 M cimetidine. No specific binding was observed in either parental CHO cells or CHO cells transfected with the expression vector alone.
Measurement of cAMP Productions
CHO cells, plated onto 24-well plates and serum-starved for 16 h, were assayed at a density of 1 ϫ 10 5 cells well Ϫ1 , as described previously. 12 The cells were incubated for 30 min at 37°C in 450 l of Hepes-tyrode's buffer containing 0.1% bovine serum albumin and 0.1 mM 3-isobutyl-1-methylxanthine, then 50 l of histamine solution was added to initiate the reaction. After 10 min of incubation at 37°C, the reaction was terminated by the addition of 500 l of 12% trichloroacetic acid. The samples were centrifuged for 5 min at 3000 ϫ g at 4°C. Following three extractions of the supernatants with diethylether, cAMP contents in the samples were measured using a radioimmunoassay. Histaminedependent cAMP productions were determined by subtracting basal cAMP productions.
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Screening for the Variant with PCR and Directsequencing Genomic DNAs were isolated from white blood cells of 100 Japanese subjects. Fragments from 475-862 bp of the human H2R were obtained by PCR using the following primers: AACAGCAGGAACGAGACCAGCA, ACAGGATGGGG TTCAGGGCTGA. The fragments obtained were subjected to digestion with ClaI because the G 649 variant gives rise to a ClaI site. Direct sequencing of the fragments was also performed.
Statistical Analysis
Equality of two regression lines y = ␣ i ϩ ␤ i x, i = 1, 2 is statistically tested by a method of covariance analysis, that is to say, firstly the equality of both slopes is examined for a hypothesis ␤ 1 = ␤ 2 and secondly the equality of the respective constant terms is tested for ␣ 1 = ␣ 2 by two t-tests. A value of P Ͻ 0.05 was considered significant.
RESULTS
Tiotidine Bindings to CHO Cells Expressing Wild-type or G
649 H2Rs Several CHO cell clones expressing wild-type or G 649 H2Rs were subjected to tiotidine binding assay. Wild-type and Ϫ5 M tiotidine and that bound in the presence of 10 Ϫ4 M cimetidine were similar (data not shown). Since cimetidine and tiotidine are hydrophilic and hydrophobic, respectively, this indicates that both wild-type and G 649 receptors were mainly distributed on the cell-surface.
Basal and Histamine-dependent cAMP Productions in CHO Cells
cAMP productions in the presence or absence of histamine were measured in several wild-type and G 649 CHO clones with various receptor expression levels. Interestingly, basal cAMP productions in G 649 cells were significantly smaller in amount than those in wild-type cells (Figure 1 ). Basal cAMP productions in wild-type receptor cells increased as receptor expression levels increased. In contrast, basal cAMP levels in G 649 cells were not as markedly increased as those in wildtype cells. cAMP productions in response to 10 Ϫ7 M and 10 Ϫ5 M histamine are shown in Figure 2 . Both wild-type and G 649 cells were responsive to histamine, but with different efficiencies. Figure 2a shows that G 649 cells produced less cAMP in response to 10 Ϫ7 M histamine than wild-type cells when receptor amounts were equivalent. Thus, histaminedependent cAMP productions via the G 649 variant receptor were also impaired. Differences in cAMP productions in response to 10 Ϫ5 M histamine were not apparent between wild-type and G 649 cells (Figure 2b ). In addition, these observations suggest that differences in cAMP productions in response to 10 Ϫ5 M histamine among cell lines with different receptor expression were small. This is because signals via H2Rs were saturated. Taken together, the G 649 receptor undergoes functional coupling with G-protein(s), but has lower agonist-dependent and agonist-independent activities than those of the wild-type receptor. It is noteworthy that the difference in basal or agonist-independent activities was more marked than those in agonist-dependent activities.
Effect of Prolonged Incubation of CHO Cells with H2R Antagonists on H2R Amounts
Prolonged treatment with H2R antagonists reportedly leads to an increase in receptor amounts, 13, 14 which is presumed to be the result of suppression of the agonist-independent activity. We tested the possibility that the G 649 receptor with low agonist-independent receptor activities is less responsive to prolonged antagonist treatment. After incubation in the presence or absence of 10 Ϫ5 M ranitidine for 24 h, cells were washed three times with PBS and tiotidine binding assays were performed on intact cells. We have recently shown the amount of residual ranitidine bound to H2Rs after washing to be minimal such that it need not be taken into consideration. 11 For this experiment, two wild-type cell lines with 500 fmol and 950 fmol per 10 5 cells receptors and two G 649 cell lines with 400 fmol and 800 fmol per 10 5 cells receptors were used. Ranitidine treatment of wild-type cells resulted in increases in receptor number of approximately 40% and 70%, respectively (Figure 3a) . In contrast, ranitidine treatment of G 649 
cells resulted in an increase in receptor
The Pharmacogenomics Journal amount by approximately 0% and 15%, respectively ( Figure  3b ). Thus, it can be concluded that the G 649 receptors are resistant, as compared with the wild-type receptors, to upregulation of the receptor amount compared with the wildtype receptor.
Desensitization of Histamine-dependent cAMP Productions
The histamine H2 receptor reportedly undergoes agonistinduced desensitization of histamine-dependent cAMP productions. 10, 15, 16 To explore the possible effect of the G 649 variant on desensitization phenomena, we examined the effect of 10 Ϫ5 M histamine preincubation on subsequent histamine-dependent cAMP productions. Cos7 cells expressing similar amounts of wild-type or G 649 receptors were incubated in the presence or absence of 10 Ϫ5 M histamine for 30 min and washed with PBS three times, then incubated in the presence of various concentrations of histamine for another 10 min. As shown in Figure 4 , the extents of desensitization of the histamine-dependent cAMP response were similar between wild-type and G 649 receptor cells. Thus, the G 649 variant dose not affect desensitization of the cAMP response via the H2R.
Screening of Japanese Subjects for the G
649 Variant In light of the above mentioned results, it is tempting to consider what effect the variant has on gastric acid secretion in vivo in individuals with this variant. We screened 100 Japanese subjects for the G 649 variant. DNA fragments (475-862 bp) of the human H2R gene, which had been obtained by PCR, were digested with ClaI. The fragments were also directly sequenced. Orange et al reported that even among control subjects, 28.26% were heterozygotes and 13.04% were homozygotes for the G 649 variant, respectively. 6 It is thus reasonable to assume that a certain percentage of the Japanese population would have the G 649 variant. However, contrary to our expectation we detected no G 649 variant among the 100 Japanese subjects screened. We were therefore unable to perform experiments concerning gastric acid secretion in vivo. The G 649 variant is apparently rare, if present at all, in the Japanese population.
DISCUSSION
An increasing number of diseases have been recognized as being attributable to mutations in genes of the G proteincoupled receptor, which bring about loss of receptor functions or receptor overactivation. As for the H2R, no mutation which could be the cause of a disease has as yet been identified. The only well known function of the H2R is gastric acid secretion via cAMP production. Thus, even if hyper or hypoactivation of the H2R caused by a mutation is possible, it may well be difficult to discern this mutation based only on the symptoms of hyposecretion or hypersecretion of gastric acid. Other symptoms, if any, caused by mutation of the H2R gene in other organs are very hard to discern, because the functional roles of the H2R in other organs are ill-defined. Therefore, we were very interested in the report by Orange et al that the G 649 variant not only exists and but is actually more prevalent in schizophrenic individuals than in non-affected individuals. They did not perform a functional analysis of the variant. Importantly, this variant causes an amino acid change in the third intracellular loop of the H2R, a region believed to be vital for coupling with G protein.
In this report, we have analyzed human wild-type and G 649 H2Rs expressed in CHO cells. The G 649 receptor was as functional as the wild-type receptor in terms of tiotidine binding and histamine-induced desensitization of the cAMP response. Although somewhat impaired, the G 649 receptor mediated cAMP production in response to histamine. However, interestingly enough, the G 649 receptor was associated with markedly lower basal cAMP production levels than the wild-type receptor. It has been revealed that the H2R possesses agonist-independent activity and that suppression of this activity by H2R antagonists leads to upregulation of H2Rs. 13 Recently, Takeuchi et al reported that prolonged administration of an H2R antagonist to rabbits increased H2R amounts and histamine-sensitivity in gastric parietal cells, accounting, at least in part, for the rebound phenomenon occurring after abrupt cessation of H2R antagonists.
14 Thus, we tested whether prolonged treatment of cells with an H2R antagonist had any effect on H2R amounts. As expected, treatment of CHO cells expressing G 649 receptors with 10 Ϫ5 M ranitidine blunted the increase in receptor amounts as compared to cells expressing wild-type receptors. Of course, since the transcription rate in transfected CHO cells is constant, the upregulation phenomena observed in this experiment are confined to protein and
The Pharmacogenomics Journal possibly translation levels. In any case, it can be concluded that the G 649 receptor is resistant, at least in part, to upregulation induced by H2R antagonist administration.
The finding that basal cAMP production was more affected than histamine-dependent cAMP production by the G 649 variant indicates that basal activities and agonist-dependent activities of the H2R are mediated by distinct mechanisms. Furthermore, basal activities per se might have some functional significance. It must be taken into consideration that the G 649 receptor may have as yet unidentified functions. With the in vitro G 649 receptor data, we next attempted to measure gastric acid secretions in Japanese subjects heterozygous or homozygous for the G 649 variant using a pH monitoring system. Unfortunately, among 100 Japanese subjects screened no one had the variant, and we could not perform such experiments. The study by Orange et al was performed in British Caucasians. 6 There may be racial differences in the prevalence of the G 649 variant. Ito et al very recently reported that this variant was not detected in 53 Swedish controls, 52 French controls and 88 French schizophrenics. 9 There might thus be regional variability in the prevalence of the G 649 variant as well. If it is possible to perform pH monitoring in G 649 homozygous subjects as reported, this would be very beneficial for elucidating the gastric acid secretion mechanism. At any rate, it is very significant that a functional alteration was observed in this H2R variant. The possibility that there might be other H2R variants, with functional alterations and clinical implications, can therefore not be ruled out.
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